The CHD1 gene, encoding the chromo-domain helicase DNAbinding protein-1, is one of the most frequently deleted genes in prostate cancer. Here, we examined the role of CHD1 in DNA double-strand break (DSB) repair in prostate cancer cells. We show that CHD1 is required for the recruitment of CtIP to chromatin and subsequent end resection during DNA DSB repair. Our data support a role for CHD1 in opening the chromatin around the DSB to facilitate the recruitment of homologous recombination (HR) proteins. Consequently, depletion of CHD1 specifically affects HR-mediated DNA repair but not non-homologous end joining. Together, we provide evidence for a previously unknown role of CHD1 in DNA DSB repair via HR and show that CHD1 depletion sensitizes cells to PARP inhibitors, which has potential therapeutic relevance. Our findings suggest that CHD1 deletion, like BRCA1/2 mutation in ovarian cancer, may serve as a marker for prostate cancer patient stratification and the utilization of targeted therapies such as PARP inhibitors, which specifically target tumors with HR defects.
Introduction
Recent cancer genome sequencing efforts have uncovered frequent mutations in genes encoding chromatin remodelers and proteins which add, remove, or recognize histone modifications in many types of cancer. The proteins encoded by these genes play central roles in controlling the accessibility of DNA to enzymes and proteins involved in regulating gene transcription, DNA replication, and repair. Notably, the CHD1 gene encoding the chromo-domain helicase DNA-binding protein-1 is the second most frequently deleted or mutated (15-27%) gene in prostate cancer [1] [2] [3] . Loss of CHD1 in tumors is correlated with chromosomal instability and poor prognosis [4, 5] . However, the importance of CHD1 deletion for tumor cell phenotype, patient stratification, and therapeutic responsiveness remains unknown.
The eukaryotic genome is compacted into chromatin composed of DNA, histones, and other proteins that regulate DNA-associated processes [6] . Notably, most of these processes require physical repositioning, sliding, or removal of nucleosomal histones from the DNA. This regulatory step is enabled by various post-translational histone modifications catalyzed by histone modifying enzymes and is carried out by histone chaperones and ATP-dependent chromatin remodeling complexes [7, 8] . CHD1 belongs to the family of ATPdependent chromatin remodeling factors containing a SNF2-like helicase domain, where the human CHD1 protein was shown to bind to histone 3 di-or trimethylated at lysine 4 (H3K4me2/3) through its two chromo-domains [9] [10] [11] . Studies in Drosophila, yeast, and humans have shown that CHD1 is associated with decondensed chromatin [12] and interacts with other proteins that alter chromatin structure [13, 14] . CHD1 was also shown to maintain chromatin structure during transcription [15] and be important for the proper positioning of nucleosomes and correct initiation of transcription in yeast [16] [17] [18] . Another study also implicated CHD1 in maintaining an open chromatin state in mouse embryonic stem cells where down-regulation of CHD1 led to increased chromatin condensation and a loss of pluripotency [19] .
In addition to roles in transcription, chromatin remodeling is essential for the successful repair of DNA damage [20] . Eukaryotic cells have evolved specific mechanisms to repair various types of DNA damage during different stages of the cell cycle [21, 22] . Among the different types of DNA damage, DNA double-strand breaks (DSBs) are the most common cause of genomic instability and tumor formation and are also the product of various anti-tumor therapies including radio-and some chemotherapies. Mammalian cells repair DSBs by two major repair pathways referred to as nonhomologous end joining (NHEJ) and homologous recombination (HR) [23] . NHEJ is a fast process and represents the major DSB repair pathway in mammalian cells, repairing DSBs in all cell cycle phases but predominately in G1 [24] . HR is a comparatively slow repair process which is restricted to S/G2 phase when the intact sister chromatid is available as a template to allow error-free repair. HR is initiated by processing of DSB ends by nucleolytic enzymes to generate long stretches of single stranded DNA (ssDNA), a mechanism referred to as DNA end resection [25, 26] . In mammalian cells, end resection is initiated by the concerted action of MRE11 and CtBP-interacting protein (CtIP), and the generated ssDNA is coated with replication protein A (RPA) to prevent the formation of secondary structures [27] . Subsequently, BRCA2 promotes the replacement of RPA by RAD51, to form a RAD51 nucleofilament which then mediates later steps of HR such as homology search and strand invasion. We have previously described a functional hierarchy in DSB repair [28] which regulates the choice between DSB repair pathways. Deregulation of this hierarchy leads to deficient repair and genetic aberrations. Therefore, this hierarchy is tightly regulated by multiple factors [29, 30] , including the DNA damage response (DDR), which ensures appropriate recruitment of DSB repair proteins. The DDR is needed for efficient DSB repair and involves the post-translational modification of histones which promotes the recruitment of specific repair-related proteins. Moreover, ATP-dependent chromatin remodeling complexes including SWI/SNF, INO80, ISWI, and SRCAP, which were previously described to be involved in the repair of DSBs, function to physically alter chromatin structure and direct DNA repair [31] [32] [33] .
In this study, we identify a new role for CHD1 in DNA repair and show that it is recruited to DNA damage sites. The loss of CHD1 abrogates the end resection process by resulting in decreased recruitment of CtIP, thereby leading to decreased generation of single stranded DNA (ssDNA) as indicated by decreased binding of RPA1 and RAD51 to chromatin. As a consequence, depletion of CHD1 specifically affects the homologous recombination-mediated DNA DSB repair process but not the nonhomologous end joining pathway. Consistently, CHD1-depleted cells are hypersensitive to mitomycin C (MMC) treatment, which generates inter-strand cross-links and thereby requires the HR pathway to repair broken DNA, as well as to irinotecan and PARP inhibition. These data provide important mechanistic insight into the tumor suppressor function of CHD1 and may provide a molecular rationale to specifically target the DNA repair defects present in CHD1-deleted prostate cancers via the use of targeted therapies such as PARP inhibitors.
Results
Prostate cancer is one of the most common cancers in men. Like other cancers, prostate cancer is associated with frequently recurring chromosomal abnormalities. It was previously reported that the CHD1 gene is mutated or deleted in 15-27% of prostate cancers. In order to verify these findings, we examined the frequency of CHD1 alteration from various published genome sequencing studies. Consistent with previous reports, most studies displayed CHD1 genetic alterations (mutation or deep deletion) in at least 7% and as high as 21% of patients ( Fig 1A) .
CHD1 is recruited to chromatin and is required for the DSB repair
Given the frequency of CHD1 genetic aberrations, we sought to determine whether CHD1 may play a role in DNA repair. Upon DNA damage, proteins involved in the DNA damage response and repair are recruited to the chromatin and accumulate at the DNA damage site where they form foci in the nucleus. In order to test whether CHD1 plays a role in DSB repair, we used different methods to examine whether CHD1 is recruited to chromatin and forms foci at the site of DNA damage following DSB induction. We initially treated PC3 cells with the radiomimetic neocarzinostatin (NCS) and co-stained for CHD1 and cH2AX. We observed that CHD1 is partially co-localized with cH2AX ( Fig EV1A) . To further validate CHD1 recruitment at the DSB site, we used U2OS19 ptight13 GFP-LacR cells harboring a stably integrated I-SceI cleavage site which is flanked by repeats of the lac operator (lacO) [34, 35] . In addition, U2OS19 ptight13 GFP-LacR cells constitutively express a GFP-lac repressor fusion protein as well as a doxycycline (doxy)-inducible ▸ Figure 1 . CHD1 accumulates at the DNA damage sites in proximity to cH2AX.
A Frequency of CHD1 gene mutation (green), deep deletion (blue), or amplification (red) in prostate cancer patients. B CHD1 is recruited to an I-SceI-induced DSB site and is co-localized with cH2AX. Immunofluorescence studies using U2OS19 ptight13 GFP-LacR cells containing a stably integrated I-SceI cleavage site flanked by 256 copies of lac operator (lacO) on one side and 96 copies of the tetracycline response element on the other side (tetO). The localization of the GFP-lac repressor protein (GFP-LacR) at the lac-operator DNA sequences in the nucleus before (À I-SceI) and 16 h after I-SceI-induced (+ I-SceI) DSB is indicated by white arrows. After 16 h of doxy treatment, CHD1 and cH2AX co-localized at I-SceI cleavage site, along with DNA-bound GFP-LacR but not in uninduced cells (À I-SceI). Scale bar, 10 lm. C Quantification of co-localization of CHD1 with the lac array, mean values AE SD of three independent experiments counting at least 100 cells are represented in the graph. D PC3 cells were treated with NCS (100 ng/ml) for 2 h and with EdU for 45 min. Cells were stained with EdU first, and then, proximity ligation assay (PLA) was performed using cH2AX and CHD1 antibodies. Scale bar, 10 lm. E Quantification of PLA signal from (D) in EdU-positive and EdU-negative cells using ImageJ. For quantification, more than 100 cells were analyzed for each condition and represented as mean value AE SD (n = 3). F CHD1 is recruited to chromatin upon DNA double-strand break induction. PC3 cells with stable control (shCont) or CHD1 shRNA (shCHD1) expression were treated with NCS for the indicated times, and chromatin fractions were immunoblotted with CHD1 and cH2AX antibodies. H2B was used as a loading control. Vijayalakshmi Kari et al Loss of CHD1 causes DNA repair defects EMBO reports I-SceI endonuclease. The array containing the I-SceI site can be constitutively visualized by the binding of the GFP-lac repressor to lacO as a green focus. Upon doxy treatment, a DSB is generated by the I-SceI enzyme. After generation of a DSB by I-SceI, the surrounding region is rapidly marked by the phosphorylation of the histone variant H2AX at ser139 (cH2AX) and becomes bound by 53BP1, which can both be visualized by immunofluorescence staining (Fig EV1B) . While the genome of these cells contains the single integrated I-SceI site, we did observe some background staining of cH2AX upon doxycycline treatment, suggesting there may be some minimal off-target activity of the enzyme. Importantly, CHD1 is colocalized with both GFP-LacR and cH2AX specifically in doxy-treated cells, but not in untreated cells (ÀI-SceI) where the I-SceI site is not cleaved (Fig 1B and C) . In addition, we confirmed the close proximity between cH2AX and CHD1 via proximity ligation assay (PLA). The PLA method is used to study the interaction between two proteins in fixed cells based on the utilization of two secondary antibodies from different species which are conjugated to DNA oligonucleotides. When the two antibodies are in close proximity to one another, they can be bridged by two additional circle-forming oligonucleotides, joined via ligation, amplified by rolling circle amplification, and visualized as foci using a complementary fluorescently labeled oligonucleotide probe. The specificity of the interaction between CHD1 and cH2AX in NCS-treated samples was further confirmed by the depletion of CHD1 by small interfering RNA (siRNA) which completely abolished the PLA signal ( Fig EV1C) . Notably, CHD1 depletion did affect the interaction between cH2AX and 53BP1 (Fig EV1C) , further confirming the specificity of the PLA signal. Importantly, co-staining with EdU (to detect cells which are in S phase) and PLA for CHD1 and cH2AX revealed that the recruitment of CHD1 to DSB is not cell cycle-dependent (Fig 1D  and E) . We next performed chromatin fractionation to examine the recruitment of CHD1 to chromatin after NCS treatment. Our results revealed that CHD1 is more strongly recruited to chromatin after DSB induction in all cell lines studied including PC3 ( Fig 1F) and VCaP ( Fig EV1D) prostate cancer cells as well as in the U2OS osteosarcoma cell line (Fig EV1E) . Indeed, increased recruitment of CHD1 is observed within 30 min of NCS treatment and is further increased over time. This enrichment is significantly decreased by RNA interference-mediated CHD1-depletion either by stable (PC3 and VCaP) or transient (U2OS) knockdown. This increased CHD1 recruitment is not due to overall increased CHD1 protein levels as such (Fig EV1F) . Overall, these data indicate that CHD1 is recruited to chromatin in response to DSB induction. Based on its recruitment to chromatin in response to DSBs, we next tested whether CHD1 is involved in DSB repair. To this end, unsynchronized CHD1-stably-depleted BHP1 and PC3 cells were irradiated with 3 Gy and cH2AX foci were counted at 1 h and 24 h after IR as a marker for DSB (Fig 2A) . Importantly, CHD1-depleted cells showed a similar number of cH2AX foci at 1 h compared to control cells but significantly more residual foci at the 24-h time point indicating a DSB repair deficiency (Fig 2B) . Further, the prolonged cH2AX signal was confirmed by Western blot analysis after 24 h of IR treatment in CHD1-depleted cells (Fig 2C) . Moreover, neutral comet assay showed increased comet length in CHD1-depleted cells compared to control cells 6 h after DSB induction with NCS treatment (Fig EV2A) . Consistently, CHD1-depleted cells displayed moderately increased sensitivity to ionizing radiation (IR) compared to control cells (Fig 2D) . Similar results were obtained using both PC3 and BHP1 cells (Fig 2D) .
CHD1 is specifically required for homologous recombination DNA repair
In order to determine whether CHD1 plays a role in controlling a specific DSB repair pathway, we depleted CHD1 (Fig EV3A) in HeLa cells harboring a single copy of either HR or NHEJ repair substrates (pGC and pEJ, respectively). The repair efficiency was calculated by flow cytometry based on the fraction of GFP-positive (GFP + ) cells 48 h after transfection with an I-SceI expression vector. Strikingly, depletion of CHD1 led to an 11-fold decrease in HR-mediated repair, but showed no effect on NHEJ. XRCC4 and RAD51 depletion was used as positive controls for NHEJ and HR assays, respectively (Figs 3A and B, and EV3B). We further confirmed that the effects seen on HR in CHD1-depleted cells were not due to changes in cell cycle regulation (Fig EV3C) . Moreover, the inhibition of MRE11 nuclease activity by mirin did not show any further effect on the HR efficiency caused by CHD1 depletion, suggesting that these proteins function epistatically in DNA repair ( Fig EV3D) . In order to reinforce this data, foci displaying co-localization of RAD51 and cH2AX were counted as an indicator for HR factories in CHD1-depleted cells 3 and 24 h after irradiation with 2 Gy. As expected, control cells demonstrated an increase in the number of these foci, which returned to normal levels after 24 h. However, CHD1-depleted PC3 (Fig 3C and D) and BHP1 ( Fig EV3E) cells showed only a moderate increase early and almost no decline in RAD51 foci over time, further confirming a reduced HR capacity.
CHD1 is required for CtIP recruitment to chromatin and end resection
The impaired RAD51 recruitment to DSBs observed in CHD1-depleted cells (Fig 3C) suggested that CHD1 is required for early steps of HR. Therefore, we tested whether CHD1 may be required for DSB end resection, a key step in the HR process which is mediated by the MRN complex and leads to the recruitment of the C-terminal binding protein (CtBP)-interacting protein (CtIP) [27, 36, 37] . The resulting ssDNA is subsequently bound by the ssDNA binding proteins RAD51 and RPA1 [38] . Our results using PLA demonstrate that upon DSB induction following NCS treatment, CHD1 co-localizes with CtIP, indicating that CHD1 regulates an essential early step of HR (Figs 4A and EV4A). To further test whether CHD1 is required for CtIP recruitment to DSBs, PC3, and VCaP cells stably expressing CHD1 or control shRNAs were treated with NCS for different time points and analyzed for CtIP recruitment to chromatin by chromatin fractionation. As expected, CtIP recruitment to chromatin increased over time following treatment in control cells, but not in CHD1-depleted cells (Figs 4B and EV4B). Consistent with the chromatin fractionation data, immunofluorescence studies using U2OS19 ptight13 GFP-LacR cells showed that CHD1 depletion (Fig EV4E) significantly decreased the recruitment of CtIP and subsequent loading of RPA1 to I-SceIinduced DSB (Fig 4C and D) , further confirming a role for CHD1 in the end resection step of HR. Consistent with these findings, while the kinetics varied slightly between cell lines, CHD1 depletion resulted in impaired recruitment of the ssDNA binding A, B BHP1 or PC3 cells with stable expression of either control (shCont) or CHD1 shRNA (shCHD1) were treated with c-radiation (3 Gy), and after 1 and 24 h, cells were immunostained for cH2AX (A) and the number of cH2AX foci per cell were determined for each time point. More than 50 cells were counted in each condition (B). Scale bar, 5 lm. The mean values AE SD of three independent experiments are shown. P-values (**P = 0.006, ***P = 0.0008) were calculated using ANOVA. C CHD1-depleted cells show prolonged cH2AX accumulation. PC3 cells with shCont or shCHD1 were treated with c-radiation as in (A) and total protein was analyzed by Western blotting. D CHD1-depleted cells show increased sensitivity to c-radiation. For colony formation assay, both BHP1 and PC3 cells with shCont or shCHD1 were treated with the indicated doses of c-radiation and surviving fractions were measured by counting colonies after 3 weeks. Mean values AE SD are represented in the plot (n = 3). Data were normalized to the plating efficiency. P-values (**P = 0.002, ***P = 0.0009) were calculated using ANOVA. Fig EV4G) . Notably, the expression levels of the aforementioned proteins were not affected by CHD1 depletion (Fig EV4D and F) . The impaired recruitment of RPA1 and RAD51 was further confirmed at IR-induced DSBs (Fig EV3E and F) . We also confirmed that the decreased CtIP and RPA1 foci in CHD1-depleted cells are specifically in S/G2-phase cells (Fig EV4H-K) . Together, our data suggest that CHD1 controls HR-mediated DSB repair by regulating the end resection step by facilitating CtIP recruitment to DSB sites.
To further validate the role of CHD1 in promoting CtIP recruitment to DSBs, we generated expression vectors for wildtype or ATPase-mutant (Mt) HA-tagged murine CHD1 proteins (mChd1; 98% identical to the hCHD1 protein) which were fused to a tamoxifen-inducible mutant form of the estrogen receptor ligand binding domain (ERT2). Due to variation in codon usage, the transgenes are resistant to the siRNAs against human CHD1. The PLA assay for cH2AX/CtIP demonstrated that the CHD1-depleted cells show decreased PLA signals, indicating that the CtIP recruitment is affected but can be rescued by re-expressing wild-type (Wt) mChd1 but not an ATPase-mutant (Mt) form (Figs 4E and EV4L-M). In addition, PC3 cells which stably express HA-mChd1-ERT2 (Wt) were depleted with siRNA targeting endogenous hCHD1 and treated with NCS ( Fig EV4N) . Chromatin fractionation analysis confirmed that the decreased recruitment of CtIP and RAD51 to chromatin in CHD1-depleted cells could be partially rescued by re-expressing mChd1 (Figs 4F and EV4O and P).
In order to determine whether CHD1 recruitment to chromatin is dependent on MRN complex activity, we depleted MRE11 or inhibited its activity by mirin in PC3 cells (Figs 5A and EV5A). Chromatin fractionation analysis from NCS-treated cells showed that MRE11 activity is required for the stabile recruitment of both CHD1 and CtIP (Figs 5A and EV5B). In contrast, PARP inhibitor (PARPi) treatment did not affect the recruitment of CHD1 (Fig EV6B) . Importantly, CtIP depletion did not affect the recruitment of CHD1 (PLA assay for cH2AX/CHD1) to DSB, further supporting a role for CHD1 upstream of CtIP (Fig 5B and C) . Consistent with this, decreased CtIP expression in CHD1-depleted cells did not show any synergistic effect on sensitivity to IR in either PC3 or BHP1 cells, suggesting these proteins function epistatically in DSB repair (Fig EV5C  and D) .
We next hypothesized that CHD1 may control the early steps of HR by physically opening chromatin structure near the DSB. To test this hypothesis, we performed formaldehyde-assisted isolation of regulatory elements (FAIRE), which enables the assessment of an open chromatin status or nucleosome depletion [39] . For this, we used AsiSI-ER-U2OS cells, where DSBs are induced at specific sites in the genome by the AsiSI restriction enzyme upon 4-OHT treatment [40] . FAIRE data using AsiSI-ER-U2OS cells treated with 4-OHT for different time points demonstrate an opening of chromatin near the DSBs site within 2 h of DSB induction, which remained open up to 6 h (Fig EV5G) . Notably, the opening of chromatin was observed only at the positive site (chr6:90404906), where AsiSI is known induce DSBs, but not at a negative site (chr6:101505264) ª Fig EV5G) . Interestingly, the opening of chromatin at DSB sites (DSB-I and DSB-II) previously shown to recruit RAD51 and be repaired by the HR pathway [41] was significantly decreased in CHD1-depleted cells ( Figs 5D and EV5H ). Moreover, CHD1 depletion only affected the opening of chromatin at the positive site known to result in DSB formation, but not at the negative site, thereby confirming a role of CHD1 in the opening of chromatin at the break site.
As a control, we also confirmed that there were no substantial differences in the induction of DSBs by AsiSI in control and CHD1-depleted cells (Fig EV5F) . To further validate that CHD1 is important for the end resection process and mediates the ssDNA generation, we performed native BrdU assay in PC3 cells where the depletion of CHD1 led to decreased ssDNA generation (Fig 5E and F) . Given its established role as a regulator of chromatin structure, we hypothesized that the requirement of CHD1 for HR-mediated DNA repair is likely dependent upon DNA packaging into a chromosomal chromatin context. Thus, we transiently transfected control and CHD1-depleted PC3 and BHP1 cells with the linearized HR repair substrate vector and measured HR efficiency. In this case, DNA repair does not occur in a fully genomic chromatin context. Interestingly, in this non-chromosomal context of transfected linear plasmid DNA, CHD1 depletion did not affect HR efficiency (Fig EV5I  and J) , indicating that CHD1 likely functions to promote the end resection process of HR DNA repair via a chromatin remodeling mechanism and also confirms that the HR machinery is otherwise intact following CHD1 depletion.
Loss of CHD1 increases sensitivity to DNA damaging agents and PARP inhibition
Given the evidence for the role of CHD1 in the HR pathway, we further tested the sensitivity of CHD1-depleted cells to mitomycin C (MMC), which induces S phase-specific DSBs which are predominantly repaired by HR. Stable depletion of CHD1 in PC3 and BHP1 cells resulted in increased sensitivity to MMC (Figs 6A and EV6A) . Moreover, CHD1-depleted cells (PC3) also showed increased sensitivity to the clinically used topoisomerase I inhibitor irinotecan (Iri), which also induces secondary DSBs in S phase that largely require homologous recombination for repair (Fig 6B) . Notably, the increased sensitivity of CHD1-depleted cells to irinotecan can be partially rescued by expression of mChd1 (Fig EV6B) , further confirming the importance of CHD1 for therapeutic responsiveness of prostate cancer cells.
It is well established that cells which lack HR efficiency, such as BRCA1-and -2-deficient ovarian cancer, are particularly sensitive to PARP inhibition [42, 43] . This has led to numerous clinical trials with various PARP inhibitors (PARPi) and the approval of olaparib as a therapy for BRCA-mutated ovarian cancers. Therefore, we tested whether CHD1-depleted cells display synthetic lethality for PARP inhibition (PARPi). Indeed, not only were CHD1-depleted cells sensitive to PARPi alone (Fig 6C) , but PARPi also significantly increased cell responsiveness to irradiation (Fig 6D; Tables EV3 and EV4 ). Together, these data further confirm that CHD1 is required for HR efficiency and reveal a previously unknown synthetic lethal relationship between CHD1-deficiency and PARP inhibition.
Discussion
In this study, we provide the first evidence that the chromo-domain helicase DNA-binding protein 1 (CHD1) is recruited to chromatin upon DSB induction and is required for DSB repair. Specifically, CHD1 is required for the recruitment of CtIP to chromatin in DNA damage-induced cells, indicating a role for CHD1 in the end resection process during HR-mediated DSB repair. To date, CHD1 was primarily implicated in transcription and the maintenance of an open chromatin status [19, 44] . Studies from yeast and Drosophila described an association of CHD1 with promoters and the transcribed regions of active genes [45, 46] . In vitro studies demonstrated that CHD1 functions in the assembly, remodeling, and spacing of nucleosomes [10, 47] . CHD1 may also work in cooperation with histone modifications. For example, one study suggested a dependence of H2B monoubiquitination (H2Bub1) on CHD1 [48] . Consistent with this finding, we and others previously demonstrated that the H2B ubiquitin ligase complex containing RNF20 and RNF40 is important for activation of the DNA damage response and DSB repair in an ATM-dependent manner [49] [50] [51] . We further uncovered an intimate connection between H2Bub1 and the histone chaperone complex FACT. Specifically, the FACT subunit SUPT16H was required for DNA DSB repair and its depletion elicited a similar phenotype as RNF40 knockdown [51] . Interestingly, CHD1 was also reported to interact with the FACT subunit SSRP1 [13] , lending A CHD1 recruitment is dependent on MRE11 activity. PC3 cells were transfected with mock or siMRE11 (SmartPool), and 48 h after transfection, cells were treated with NCS, and chromatin fractions were isolated and analyzed by Western blotting. B CHD1 is upstream of CtIP. PLA with cH2AX and CHD1 antibodies in mock or CtIP-depleted cells after 2 h of NCS. Verification of knockdown efficiency is shown by Western blot on the right. HSC70 is shown as a loading control. Scale bar, 20 lm. C Quantification of PLA signal from (B) represented as mean values AE SD from three independent experiments. More than 100 cells were counted per condition. D qPCR analyses for chromatin accessibility at two HR-repaired sites (DSB-I and DSB-II) were analyzed by FAIRE in AsiSI-ER-U20S cells transfected with either mock or CHD1 siRNA. After 48 h of transfection, cells were treated with 4-OHT for the indicated times and processed for FAIRE. The data are represented as mean AE SD (n = 3). P-values were calculated using ANOVA (*P = 0.02 for DSB-I and *P = 0.03 for DSB-II). E Native BrdU staining of PC3 cells transfected with either mock or siCHD1 (SmartPool) were grown for 48 h and then treated with NCS for 2 h prior to staining with anti-BrdU and cH2AX antibodies. Scale bar, 5 lm. F Quantification of BrdU-positive cells from (E). The data are represented as mean AE SD from three independent experiments. More than 50 cells were counted for each condition. P-values (*P = 0.03) were calculated using ANOVA. 
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induction. It appears that CHD1 is associated with both fast and slow repair kinetics, possibly indicating that CHD1 recruitment is not restricted to euchromatic regions. In mammalian cells, DSB are predominantly repaired by NHEJ and HR. The balance between these two pathways is controlled by a tightly regulated hierarchy [28] which is further controlled by other repair proteins such as KU [52] , RAD51, or ATM [30] . In the absence of one of these factors, a deregulated repair hierarchy may result in the inappropriate switching to another repair mechanism. One decisive regulatory step controlling HR is the DNA end resection process, which commits the repair to HR. DSB end resection must be appropriately regulated in order to avoid inappropriate initiation of HR, which may otherwise lead to genomic aberrations. We now extend our understanding of this process and show that CHD1 is required for end resection. Consistent with a mechanical function in opening chromatin structure, we showed that the ATPase domain of CHD1 is important for the recruitment of CtIP to DSBs. While CHD1 was shown to interact with methylated H3 (H3K4me3) during transcriptional regulation [11] , it remains unclear whether this mechanism is required for CHD1 recruitment during DNA repair. Notably, a recent study showed that the chromo-domains of CHD1 are more important for its enzymatic activity than chromatin localization [53] . Stably integrated plasmid-based HR and NHEJ reporter assays showed that CHD1 depletion specifically affects HR but not NHEJ, suggesting that the ATP-dependent chromatin remodeling activity of CHD1 is important for HR-mediated DSB repair. One key step in HR is the generation of ssDNA through the end resection process, which requires the binding of CtIP to the damage site. Subsequently, RPA1 binds to ssDNA generated by the end resection process and later replaced by RAD51 for the formation of the presynaptic filament [54] . We show that CHD1 depletion leads to reduced recruitment of CtIP to chromatin upon DSB induction. CtIP was initially identified as a CtBP-interacting protein and interacts with the MRN complex and BRCA1 [27, 37] . CtIP promotes ATR recruitment in S/G2 phase and the end resection process [27] . The defects we observed on ssDNA binding protein (RPA1 and RAD51) recruitment in CHD1-depleted cells are likely due to decreased recruitment of CtIP to chromatin in response to DSB. Experiments with MRE11 inhibition or CtIP depletion indicate that the recruitment of CHD1 to DSB is dependent on MRE11 activity, but not on CtIP, thereby placing CHD1 downstream of the MRN complex and upstream of CtIP in the repair process.
Data from FAIRE analyses support a role for CHD1 in the opening of chromatin at the DSB site. Based on the data presented here, we suggest a model for an early function of CHD1 downstream of ATM-mediated H2AX phosphorylation (Fig 7) . In this model, the chromatin remodeling function of CHD1 is required for the repositioning or the ejection of nucleosomes adjacent the DSB site. In this manner, the exposed DNA may serve as a substrate for CtIP-dependent DNA end resection and subsequent HR events. In contrast, NHEJ does not require end resection and can therefore function independent of CHD1. The regulation of chromatin structure during the DSB repair process has been described in the "access-repair-restore" model [55] , where chromatin modifiers and regulators are the key components. This study provides evidence that CHD1 might function during the "access" step to open chromatin structure to enable DSB repair via the HR pathway. Other CHD family members including CHD3, CHD4, and CHD1L have also been shown to be important for the repair of DSB [32, 56] . Studies on the CHD1-like protein (CHD1L) have shown that it interacts with PARP and is involved in the PARPmediated nucleosome sliding. Similar to CHD1 depletion, CHD1L depletion leads to DNA damage sensitivity [56] . Many other ATPdependent chromatin remodelers including the SWI/SNF complex, INO80, ISWI, and SRCAP also play roles in DSB repair. These complexes appear to have diverse, but specific, functions in the Figure 6 . CHD1-depleted cells show hypersensitivity to mitomycin C, irinotecan, and PARP inhibition.
A CHD1-depleted cells show hypersensitivity to mitomycin C (MMC) treatment. For colony formation assay, shCont and shCHD1 PC3 cells were treated with the indicated MMC concentrations for 4 h and surviving fractions were measured by counting colonies after 3 weeks and mean values AE SD are represented (n = 3, ***P = 0.0002, ANOVA). B CHD1-depleted cells show increased hypersensitivity to irinotecan. For cell proliferation analysis, shCont and shCHD1 cells were treated with 1 lM irinotecan and proliferation was measured by Celigo and the relative confluency (mean AE SD) are plotted in the graph (n = 3, ***P = 0.0004, ANOVA). C Loss of CHD1 leads to increased sensitivity to PARP inhibition. Control or CHD1-depleted BPH1 cells were treated with the indicated concentrations of the PARP inhibitor olaparib, and surviving fractions were measured by counting colonies after 3 weeks. Data are represented as mean values AE SD (n = 3, ***P = 0.0003, ANOVA). D CHD1 depletion render cells sensitive to PARP inhibition in combination with irradiation. shCont-or shCHD1-expressing BHP1 cells were treated with 1 lM of PARP inhibitor olaparib for 2 h before irradiation with the indicated doses of X-rays, and surviving fractions (normalized to the unirradiated condition) were measured by counting colonies after 3 weeks. Data are represented as mean AE SD (n = 3, *P = 0.07, ANOVA). E Frequency of CHD1 gene alterations in comparison with DSB repair genes in prostate cancer patients. Data obtained from cBioPortal for cancer genomics. Vijayalakshmi Kari et al Loss of CHD1 causes DNA repair defects EMBO reports DNA repair process. For example, the ARID1A subunit of the BAF complex was recently shown to be important for NHEJ and cell survival. Similar to CHD1, ARID1A is mutated in many cancers [57, 58] . Due to the diverse cell systems and contexts investigated for the various remodelers, the degree of redundancy and epistasis between the various chromatin remodeling complexes is not well established. Importantly, the CHD1 gene is frequently deleted or mutated in prostate cancer where these aberrations are associated with a poorer prognosis [1] [2] [3] . Our data suggest that these effects may be caused at least in part by impaired HR. Importantly, CHD1 deletion or mutation, like BRCA1 or -2 mutation in breast and ovarian cancer, which also show defects in HR, may provide an Achilles' heel for targeted treatment of this subgroup of tumors using small molecules such as PARP inhibitors, which display selectivity for HR-deficient cells. Notably, PARP inhibitors are also already being tested in prostate cancer. For example, a single metastatic prostate cancer patient with BRCA2 alterations was reported to show a complete response to veliparib [59] . More recently, a phase II clinical trial (NCT01682772) demonstrated the utility of the PARP inhibitor olaparib for the treatment of metastatic prostate cancer, where 33% of patients demonstrated a positive clinical response [59, 60] . Notably, patients with mutations in known DNA repair-associated genes (e.g., BRCA2 and ATM) displayed a better progression-free and overall survival compared to the patients without DNA repair defects where 14 out of 16 (88%) of PARPi responders were biomarker-positive for DNA repair defects. A retrospective analysis of CHD1 status in these samples may reveal its potential utility as a biomarker for predicting PARPi responsiveness. Interestingly, when we combine the frequency of gene alterations of CHD1 in prostate cancer with other DNA repair genes, it is striking that the percentage of alterations is similar to the response rate observed by Mateo, et al (Fig 6E) [1, 4, 61] . Thus, our data demonstrating a central role of CHD1 in HR-mediated DSB repair provide a foundation for further exploration of CHD1 status as a diagnostic marker for prostate cancer patient stratification and the development of individualized tumor therapies.
Materials and Methods
Cell culture and siRNA transfection PC3, VCaP, and BHP1 cells which have stable integration of shControl or shCHD1 [3] were grown in RPMI medium containing 10% bovine growth serum (BGS; HyClone, USA), 1× penicillin-streptomycin (Sigma, St. Louis, USA), and 1 lg/ml of puromycin (Sigma). U2OS cells were grown in high-glucose DMEM (Invitrogen) containing 10% bovine growth serum (HyClone), 1× sodium pyruvate (Invitrogen), and 1× penicillin-streptomycin (Sigma). HeLa cells harboring pEJ or pGC substrates were grown in DMEM medium containing 800 lg/ml G418 or 1 lg/ml puromycin, respectively. U2OS19 ptight13 GFP-lacR cells were grown in DMEM high glucose, 10% BGS, 1× penicillin-streptomycin (Sigma), 800 mg/ml of G418, and 2 mM IPTG containing medium for maintenance [34, 35] . To induce DNA damage, cells were treated with doxycycline (doxy) for 16 h without IPTG and processed for immunostaining. AsiSI-U2OS cells were grown in medium containing 1 lg/ml puromycin and treated with 300 ng/ml of 4-OH tamoxifen (4-OHT) (T176, Sigma) to induce DSB as previously described [40] . To transiently knockdown CHD1, siRNA transfections were performed using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's instructions. Cells were treated either with neocarzinostatin 100 ng/ml (NCS; Sigma), doxy, 4-OHT, veliparib (ABT-888, Selleckchem), mirin (M9948, Sigma), or irinotecan (I1406, Sigma) as indicated. Cloning of mChd1 and siRNAs used in this study is described and listed in Table EV1 .
Chromatin fractionation
Chromatin fractionation was performed as previously described [51] . Briefly cells were re-suspended in lysis buffer [10 mM HEPES (pH 7.9), 10 mM KCl, 1.5 mM MgCl 2 , 0.34 M sucrose, 10% glycerol, 0.1% Triton X-100, 1 mM DTT, and protease inhibitors] and centrifuged at 1,300 g for 5 min, and the nuclear pellet was lysed in nuclear lysis buffer [3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, and protease inhibitors] for 30 min on ice. Soluble chromatin fractions were separated by centrifuging at 1,700 g for 5 min. Chromatin fractions were analyzed by SDS-PAGE electrophoresis. Immunoblotting and antibody incubations were performed according to the standard protocol. Antibodies used in this study are listed in Table EV5 .
DSB reporter assay
Double-strand break repair efficiency was measured using DSB reporter assay as previously described [28] . Briefly, HeLa cells harboring single copies of an HR (pGC) or NHEJ (pEJ) repair substrate were transfected with control or CHD1 siRNA. Twentyfour hours after siRNA transfection, cells were transfected with I-SceI-expressing vector (pCMV3xnls-I-SceI, a kind gift from M. Jasin) to induce DSBs, or with pCMV-Neo as a control. After 48 h, the percentage of GFP-positive cells was monitored using flow cytometry (FACScan, BD Bioscience) as an indication for HR and NHEJ efficiency. Data were normalized to transfection efficiency.
Immunofluorescence staining
Cells were grown on coverslips and treated with NCS, doxy, or 4-OHT for the indicated time points and then fixed with 4% paraformaldehyde for 10 min before permeabilization with 0.5% Triton X-100 for 10 min at room temperature. After blocking with 3% BSA, cells were incubated with primary antibodies overnight at 4°C and then with fluorescently conjugated secondary antibodies. The nuclei were counterstained with DAPI (10 ng/ml). Images were acquired with a Zeiss LSM 510 Meta confocal microscope using 25× or 63× oil immersion lens. For radiation experiments, cells grown on coverslips were irradiated (RS225 research system, GLUMAY MEDICAL, UK at 200 kV, 15 mA) with the indicated doses. EdU incorporation was performed using the Invitrogen Click-iT â EdU Alexa Fluor â 488 HCS Assay (C10351) according to the manufacturer's instructions. Proximity ligase assays were performed using the Duolink â In Situ Red Starter Kit Mouse/ Rabbit (DUO92101) kit (Sigma) according to the manufacturer's instructions. For native BrdU assay, cells were pre-extracted with preextraction buffer (25 mM Hepes 7.4, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl 2 , 300 mM sucrose, and 0.5% Triton X-100) and fixed with 4% formaldehyde (w/v). Immunostaining was performed with anti-BrdU and cH2AX antibodies, and images were taken with Zeiss LSM 510 Meta confocal microscope.
Colony formation assays
Colony formation assay was performed as previously described [52] . PC3 and BHP1 cells stably expressing either control or CHD1 shRNA were seeded and allowed to adhere before MMC treatment or irradiation. For PARP inhibition, 1 lM olaparib (SelleckChem) was added 2 h prior to irradiation. Survival fractions were measured by counting colonies after 3 weeks. The mean values of three independent experiments are shown. Data were normalized to the plating efficiency. For proliferation assays, cells were grown in 96-well plates and the confluency was measured daily using the CeligoTM Cytometer (Cyntellect) with alternative days of indicated treatments. (Diagenode SA, Liège, Belgium). After clearing the chromatin extracts by centrifugation at high speed, extracts were diluted with 600 ll of dilution buffer containing 50 mM Tris-HCl (pH 8.0), 20 mM EDTA, 150 mM NaCl, 0.5% sodium deoxycholate, 1% (v/v) NP-40, 20 mM NaF, and protease inhibitors. Accessible DNA was isolated from fragmented chromatin by phenol:chloroform:isoamyl alcohol extraction and de-cross-linked overnight at 65°C. The DNA was precipitated with linear polyacrylamide and analyzed using quantitative real time-PCR (qRT-PCR) with specific primers near to the break site. The primer sequences utilized are listed in Table  EV2 . Data were normalized to the input.
Formaldehyde-assisted isolation of regulatory elements

ERT2-HA-mChd1 cloning and stable cells lines
For the rescue experiments, we expressed mouse Chd1 (mChd1), which bears 96% identity at the amino acid level to the human CHD1 protein. The coding region of mChd1 (NM_007690.3) was cloned into pSG5-HA-MCS-ERT2-P2A-Hygro vector (S.A. Johnsen, unpublished) using cloning primers mChd1-Cl-NotI-For GCTGACG CGGCCGCAATGAATGGACACAGTGATGAAGAAAG and mChd1-ClNheI-Rev GCTGACGCTAGCTGTCTTCCGACTACTCCAGGTGTG, and clones were confirmed by sequencing. The resulting construct results in the production of two polypeptides including the HAtagged mChd1-ERT2 fusion protein and the hygromycin resistance gene separated by a viral P2A sequence in a single open reading frame. Stable cell lines were generated by transfecting 2.5 lg of plasmid DNA into PC3 cells using Lipofectamine 2000. Cells were then selected with 100 lg/ml hygromycin. For the ATPase-mutant mChd1, the amino acid 510 lysine (K) was mutated to arginine (R) (AAA to AGA) using the QuikChange II XL Site-Directed Mutagenesis Kit (200521, Agilent Technologies), and the mutation was confirmed by sequencing. For the transient transfections, PC3 cells were transfected with Lipofectamine 2000 and treated with 4-OHT for 24 h before NCS treatment and processed for immunostaining and PLA.
Neutral comet assay
Neutral comet assay cells were mixed with 1% low-melting agarose and coated on comet slides. The slides were incubated with lysis buffer [2.5 M NaCl, 100 mM EDTA, 10 mM Tris-HCl, 1% N-lauroylsarcosine, pH 9.5, 0.5% Triton X-100 and 10% dimethylsulfoxide (DMSO)] for 1 h at 37°C in the dark. After incubation, slides were washed with electrophoresis buffer (300 mM sodium acetate, 100 mM Tris-HCl, pH 8.3) and left in the fresh buffer for 1 h. Then, slides were electrophoresed for 20 min at 20 V, stained with propidium iodide (PI), and images were obtained using Zeiss LSM 510 Meta confocal microscope.
Expanded View for this article is available online.
